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The electron irradiation-induced increase of minority carrier diffusion length was studied as a
function of hole concentration in Mg-doped GaN. Variable-temperature electron beam induced
current measurements yielded activation energies of 264, 254, 171, and 144 meV for samples with
hole concentrations of 2 ⫻ 1016, 9 ⫻ 1016, 3 ⫻ 1018, and 7 ⫻ 1018 cm−3, respectively. This carrier
concentration dependence of the activation energy for the effects of electron irradiation was found
to be consistent with Mg acceptors, indicating the involvement of the latter levels in the
irradiation-induced diffusion length increase. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2776866兴
It has been demonstrated earlier that irradiation of wide
band gap semiconductors 共p-GaN and p-ZnO, in particular兲
containing deep electron traps with low energy electron
beam can be used to significantly enhance minority carrier
diffusion length 共L兲 and lifetime 共兲.1–4 Furthermore, evidence suggests that this enhancement can be translated to the
improved performance of GaN- and ZnO-based UV photodetector diodes, which rely on minority carrier transport for
their functionality.5,6
The mechanism responsible for the irradiation-induced
enhancement of minority carrier lifetime and diffusion length
has been suggested to involve the nonionized acceptor levels,
located several hundred meV from the top of the valence
band.7 These levels play an integral role in the recombination
of nonequilibrium electron-hole pairs and may act as metastable electron traps. Since the filled traps are no longer
available for recombination, the increase in their concentration due to continuous excitation by the electron beam leads
to a reduction in recombination rate, implying greater lifetime of nonequilibrium electrons in the conduction band. Because carrier lifetime is directly related to the diffusion
length 关L = 共D兲1/2, where D is carrier diffusivity兴 and given
the fact that the activation energy of the irradiation effects
has been found to correlate to that of the Mg acceptor,2 such
a mechanism provides a feasible explanation for the previously observed increase of the diffusion length under electron irradiation.
Further evidence of the involvement of Mg levels has
been recently demonstrated by a series of cathodoluminescence measurements aimed at investigating the role of the
doping level on the increase of lifetime of nonequilibrium
carriers.8 It was shown that the activation energy of this phenomenon is strongly dependent on the concentration of majority carriers. In this letter, we present a complementary
study of minority carrier diffusion length increase as a function of acceptor concentration. Unlike in the previous work,

where the increase in lifetime was deduced from the decay of
cathodoluminescence intensity, here, the increase of L was
measured directly using the electron beam induced current
共EBIC兲 method.
Experiments were conducted on four commercially
available 3 – 4 m thick GaN epitaxial films 共TDI, Inc.兲
doped with different concentrations of magnesium. The net
hole concentrations p were determined by Hall effect measurements and are shown in Table I. EBIC measurements
were conducted in situ in the Philips XL30 scanning electron
microscope 共SEM兲 under the accelerating voltage of 20 kV.
The rectifying contacts were prepared by electron beam
evaporation of Pt/ Au, following formation of Ohmic contacts using alloyed Ni/ Au. This process produced excellent
diodes, with on/off ratios of ⬎108 at +10 V / −5 V. EBIC
measurements were performed in a line-scan mode, where
the induced current is measured as a function of distance of
the SEM beam from the Schottky barrier 共see Ref. 9 for a
detailed description of EBIC method兲. After initial acquisition, the beam was allowed to scan over the same line on the
sample surface, while additional measurements were taken
intermittently to monitor the increase of L.
The SEM is also equipped with a hot stage and an external temperature controller 共Gatan兲 allowing for
temperature-dependent experiments. The rates of irradiationinduced diffusion length increase were measured at temperaTABLE I. Room-temperature hole concentrations and activation energies
共⌬EA,I兲 for the electron irradiation-induced diffusion length increase in
GaN:Mg.

a兲

Sample

Hole
Concentration
共cm−3兲

⌬EA,I 共meV兲

A
B
C
D

2 ⫻ 1016
9 ⫻ 1016
3 ⫻ 1018
7 ⫻ 1018

264± 43
254± 24
171± 11
144± 11
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FIG. 1. Increase of minority carrier diffusion length in sample A under
continuous irradiation by the electron beam at various temperatures. Inset:
temperature dependence of the preirradiation values of diffusion length and
the fit with Eq. 共1兲.

tures ranging from 25 to 125 ° C. At each temperature, the
measurements were performed on a previously unexposed
location.
Figure 1 shows the linear increase of the minority electron diffusion length in sample A as a function of irradiation
duration, observed at different temperatures. The temperature
dependence of L prior to electron injection was found to be
similar to that observed earlier for GaN 共Ref. 9兲 and can be
described using the following relationship:

冉

L = L0 exp −

冊

⌬EA,T
,
2kT

共1兲

where L0 is a scaling constant, ⌬EA,T is the thermal activation energy, k is the Boltzmann constant, and T is the sample
temperature. This dependence allows us to estimate the activation energy for thermally induced increase of L at about
167 meV for sample A, as shown in the inset of Fig. 1.
Similar procedure was performed on the remaining three
samples, with the activation energies ranging from
80 to 165 meV. No clear correlation between the activation
energy and doping level was observed.
It is also shown in Fig. 1 that a nearly twofold increase
in diffusion length is obtained after about 2 min of continuous electron irradiation at room temperature. As the sample
temperature is raised, the rate of irradiation-induced diffusion length increase R diminishes. The slower rates at elevated temperatures are attributed to the higher probability
for the escape of the trapped electrons due to larger thermal
energy. This process reestablishes the original recombination
pathway and thus competes with irradiation-induced lifetime
increase 共see mechanism description above兲. The relationship between the rate R and sample temperature can be modeled with the following expression:10

冉 冊 冉

R = R0 exp

冊

⌬EA,I
⌬EA,T
exp −
.
kT
2kT

共2兲

In Eq. 共2兲, R0 is a scaling constant, ⌬EA,I is the activation
energy for the electron irradiation induced effect, and ⌬EA,T
is the activation energy for the thermally induced diffusion
length increase determined using Eq. 共1兲.
⌬EA,I for all four samples was determined from Eq. 共2兲,
accounting for the individual values of thermal activation
energy, as shown in Fig. 2. This figure demonstrates that the

FIG. 2. Arrhenius plots of R as a function of sample temperature for
samples A–D and the fit based on Eq. 共2兲 共solid lines兲. The plots were offset
for clarity.

activation energy for irradiation-induced increase of L shows
a systematic dependence on the concentration of majority
holes 共see Table I兲 and therefore, on the doping level. The
values for ⌬EA,I were found to be comparable to the generally accepted activation energy of Mg in GaN 共⬃200 meV兲.
Since the former parameter has been previously correlated
with the activation energy of dominant acceptors, both in
GaN:Mg 共Ref 11兲 and other systems,1,3,10,12 it is likely that
this behavior is a manifestation of the concentration dependence of Mg acceptor activation energy. Furthermore, similar
dependence was observed earlier for nonequilibrium carrier
lifetime by temperature-dependent cathodoluminescence
studies of GaN with different Mg concentrations.8
The decrease of acceptor activation energy with increased concentration is a common phenomenon in
semiconductors13–15 that has been attributed to a number of
causes, including the formation of the band-tail states that
extend into the forbidden gap, the broadening of the acceptor
band in the gap, and the reduction of binding energy due to
Coulomb interaction between the holes in the valence band
and the ionized acceptor states.16 The relationship below is
often used to describe this behavior,
⌬EA共NA−兲 = ⌬EA共0兲 − ␣共NA−兲1/3 .

共3兲

Here, NA− is the concentration of ionized acceptors, ⌬EA共0兲
is the ionization energy at very low doping levels, and ␣ is a
constant which accounts for geometrical factors as well as
for the properties of the material and has the following
form:15

冉

␣ = ⌫共2/3兲

4
3

冊冉 冊

q2
.
4

共4兲

⌫共2 / 3兲共4 / 3兲 is a geometric factor describing the probability of finding another ionized acceptor in the neighborhood
of an ionized acceptor,14 q is elementary charge, and  is
dielectric constant. The value of ␣ according to Eq. 共4兲 and
taking  = 9.50 for GaN 共Ref. 15兲 was found to equal 3.3
⫻ 10−8 eV cm. NA− for each sample was calculated based on
the assumption that NA− − ND+ = p, where ND+ is the density of
ionized shallow donors and, based on the manufacturer’s
specification, is approximately 1 ⫻ 1017 cm−3. Figure 3
shows that the values of ⌬EA,I follow the trend described by
Eq. 共3兲. Furthermore, the value of ␣ obtained from the fit is
8.3⫻ 10−8 eV cm, which is comparable to that predicted by
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1

FIG. 3. Decrease of activation energy of electron irradiation effect as a
function of ionized acceptor concentration and the linear fit 共solid line兲 with
Eq. 共3兲.

Eq. 共4兲 above. These findings further demonstrate that the
irradiation-induced effects are linked to the electron trapping
on nonionized Mg acceptor states.
In summary, variable-temperature minority carrier diffusion length measurements were used to study the role of
doping levels in the effect of electron irradiation on minority
carrier transport in a series of GaN:Mg samples. It was demonstrated that the activation energy of the irradiation-induced
diffusion length increase diminishes with increasing carrier
concentration. This behavior was found to be consistent with
the concentration-dependent decrease in the Mg acceptor
ionization energy, implying that trapping on Mg acceptor
levels is a key step in the mechanism of the observed irradiation effect.
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